The viscoelastic behavior of hydrogenated nitrile butadiene rubber (HNBR) was studied over a range of temperatures and shear frequencies. Dynamic mechanical properties were studied and modelled using the generalized Maxwell model and the Williams-Landel-Ferry equation. A fitting algorithm was developed to provide the best agreement between the experimental data and the model results. In addition to dynamic mechanical analysis (DMA), differential scanning calorimetry (DSC) was applied. The HNBR structure was characterized by X-ray diffraction (XRD). The developed model exhibited an excellent agreement with either isothermal or dynamic experiment data, yet only up to the rubbery plateau, after which a structure ordering occurred. This was explained by the cyano group secondary bonding and consequentially the cross-linking between HNBR chains. A molecular modeling simulation was made to confirm the cross-linking. The effect of peroxide cross-linking agents in a compound resembled the one usually observed in the filler formulated compounds.
Introduction
Hydrogenated nitrile butadiene rubber (HNBR) is a high performance elastomer obtained by special selective hydrogenation of nitrile butadiene rubber (NBR), which is produced by emulsion polymerization of butadiene (BD) and acrylonitrile (ACN). Properties of the resulting elastomer are dependent on the acrylonitrile/butadiene ratio. A review of the structure of the elastomer indicates that its structure is very complex [1] . The butadiene copolymerizes into three different structures: trans, cis, and 1,2-. The trans configuration dominates (~78 %) in a typical sample. The cis configuration (~12 %) serves to break up substantial crystallinity because it enters in a statistical pattern. The 1,2-sites (~10 %) are free vinyl groups that typically cause branching and gel formation. The acrylonitrile groups are inserted in a statistical pattern ranging from head-tail to head-head to tail-tail [1, 2] . In addition to the excellent oil resistance and workability displayed by NBR, HNBR shows much improved heat, chemical, oxidizing fuel and ozone resistance because of its saturated backbone with highly polar acrylonitrile groups. In comparison with conventional oil and heat resistant elastomers, including acrylic and fluorocarbon elastomers, HNBR shows greater tensile strength, flexibility, wear resistance and resistance to fluids containing chemically aggressive additives even under adverse conditions such as low temperature, because it has a relatively low glass transition temperature (T g ) [3, 4] . Nevertheless, HNBR with high acrylonitrile unit content (>37 %) has a relatively high T g , which in turn causes poor low temperature flexibility [5, 6] . This unique set of properties makes HNBR ideal for use in various fuel, engine oil and hydraulic oil parts such as packings, hoses and seals. Understanding of the behavior of HNBR at various temperatures and under applied stress remains one of the requirements of the advanced automotive technology [7] [8] [9] [10] .
In order to use HNBR in different engineering applications, particularly in the areas where the product is subjected to high vibration and pulsating loads, like the parts mentioned, one should understand its mechanical properties under rapidly varying stress conditions, that is the dynamic mechanical properties over a broad range of frequencies and temperatures at which stress is applied. Thavamani and Bhowmick [11] most extensively studied the dynamic mechanical properties of various vulcanized HNBR samples between -50 °C and 250 °C, yet only at single frequency.
Other authors have applied dynamic mechanical analysis merely as a technique to characterize variously cured HNBR samples [12] , a variety of HNBR and other components' blends (poly(vinyl chloride) blends [13, 14, 16] , polycarbonate blends [15] , epoxidized natural rubber blends [16] , polychloroprene blends [16] , poly(ethylene-vinyl acetate) blends [17] , fluorocarbon elastomer blends [18] ) , HNBR with different amounts of additives (iodine [19] , carbon black [16, 20] , silica [16, 20] , propyl triethoxysilane [20] , vinyl triethoxysilane [20] , zinc diacrylate [20] ), different processing conditions (vulcanization of HNBR at material/press interface and of the bulk material [21] , hot air and fuel aging [22, 23] ) and comparison to other materials [24] [25] [26] ; once again the dynamic mechanical properties have been reported strictly for different temperature intervals, however, not for a certain frequency range. Wrana et al. [10] , on the other hand, investigated the dynamic mechanical properties of vulcanized HNBR with several additives at three different frequencies, yet still within a relatively narrow frequency range (1-79 Hz) and dynamic temperature program, but no isothermal experiments were performed. Moreover, the dynamic mechanical properties of the vulcanized rubber with numerous additives do not provide any information about the lean material and are largely affected by the nature and amount of the additives in the compound.
Therefore, if the dynamic mechanical properties of HNBR over a wide range of temperatures and frequencies of the applied stress are considered, the isothermal measurements provide the most relevant results, namely the properties at certain temperature and frequency of the applied stress. On the other hand, the dynamic mechanical properties obtained from the constant heating rate measurements are questionable from the viewpoint of two competing dynamic processes, which are the ascending or descending temperature and the dynamics of the applied stress. This is best illustrated by the fact that at the same temperature and frequency of the applied stress, dynamic mechanical properties also depend on the material heating rate.
In the first part of this paper the dynamic mechanical properties of HNBR were studied over a range of temperatures and frequencies of the applied stress using isothermal measurements. The obtained properties were then used to model the temperature dependent viscoelastic behavior of HNBR using the Williams-LandelFerry (WLF) equation [27] and determine the WLF parameters for HNBR. WLF equation was previously used in the studies of wear of HNBR [28] [29] [30] , nevertheless the so called "universal constants" [31] were used, although they do not necessarily apply to HNBR.
In the second part of this paper the model was applied and critically evaluated for the dynamic mechanical properties of HNBR obtained from the constant heating rate experiments. The validity of the model was examined for different heating rates and the inapplicability of the model during and after the glass transition of HNBR was explained by means of molecular modeling.
In the final part of this paper the effect of various peroxide cross-linking agents on viscoelastic properties of HNBR was evaluated, as the agents are usually present in the compound formulations to provide the cross-linking at elevated temperatures.
Results and discussion

Isothermal measurements of dynamic mechanical properties of HNBR and temperature dependent viscoelastic behavior model development
In the first part of the paper viscoelastic properties of lean HNBR (compound 1) are modelled and discussed. Storage modulus (G') and loss modulus (G'') were measured in the frequency range between 10 -3 and 10 3 Hz at constant temperatures (T) between -50 °C and 50 °C with 5 °C increment between the individual isothermal measurements. For the purpose of modeling, an index j (1, 2, 3,…,J) was attributed to each temperature. The frequency-temperature dependence of moduli may be expressed by the equations [34] 
where ω represents frequency (rad/s), ρ rubber density, a T the shift factor and subscript R refers to reference (as in the reference temperature). Therefore, in order to successfully model the frequency-temperature dependent moduli of the material, the temperature dependence of HNBR density had to be determined, secondly, a suitable expression for a T had to be chosen, thirdly, G' and G'' at T R had to be described, and lastly, an algorithm had to be developed in order to extract the parameters of the HNBR's frequency-temperature behavior. This should be done in order to use these parameters to successfully extrapolate and predict the behavior of HNBR under varying conditions concerning temperature and the material dynamics.
The temperature dependence of HNBR density was established and is presented in Fig. 1 . The figure shows that density changes more rapidly after T g , which was determined as the intersection of the extrapolated density versus temperature lines. Moreover, the thermal expansion coefficients of free volume were calculated before and after T g according to Eq. (3) and are presented in Fig. 1 . Thus determined T g was taken as a reference temperature, even though another arbitrary chosen temperature might have been suitable [35] . T g could have been determined by DSC or dynamic mechanical analysis, but it would depend on the heating rate, therefore it was obtained from the density change, which was measured at relatively long settling times.
The most well known relationship between the shift factors and temperature, still most commonly used for numerous polymers [31] , the WLF equation [27] , was used
The material constants C 1 and C 2 vary from polymer to polymer and may be linked to the Doolittle equation [36] constants.
Storage and loss modulus of HNBR at T g were described using the generalized Maxwell model
where index i (1, 2, 3,…,I) refers to the individual Maxwell element and ) , ( The modelling algorithm is illustrated in Fig. 2 . In the first stage, the algorithm was fed suitably and evenly distributed relaxation times, τ i , so that the material behavior over a range of frequencies and temperatures of the dynamic shear loads can be described in further stages of the algorithm. This was done in a way, so that there was half a decade between two individual relaxation times on a logarithmic time scale. The only exception was τ I (or τ ∞ ), which had to be long enough to provide the plateau behavior at low frequencies or high temperatures, respectively. The τ i are of course strongly affected by the choice of T R , in our case T g . The initial distribution of G i was random in order to exclude bias, yet within some realistic limitations and taking into account the condition presented in Fig. 2 . Regardless of the randomness of the initial distribution, these values presented a suitable basis for the fitting procedure in the second step of the algorithm. Initial values of the WLF equation parameters were chosen as 17.4 and 51.6 K for C 1 and C 2 , respectively, the so called "universal constants" [31] .
This was done in view of the fact that T g was chosen as the reference temperature. C 1 and C 2 should otherwise be properly transposed for another reference temperature, as follows from the Doolittle equation [36] )
The relative weights distribution (w i,j ) was adopted so as to take into account the relative contributions of the individual generalized Maxwell model elements on the response of the material for the frequency-temperature regime.
( )
ω max, exp and ω min, exp are the upper and lower experimental frequency value, respectively.
is determined from the second partial derivative of Eq. ( )
At the positive zeroes of Eq. (10), the individual terms in Eq. (5) exhibit the highest rise that is the relative contributions of the individual generalized Maxwell model elements on the overall response are maximal. The positive zeroes of Eq. (10) are thus
The w i,j distribution therefore considers the impact of the individual elements in comparison to the midpoint of the logarithmic frequency range of the experimental results, normalized to the whole logarithmic frequency range of the maximal contributions of the individual elements for the entire temperature range of the experimental values.
In the second stage, the model fitting procedure was carried out using the Levenberg-Marquardt algorithm [38] and the objective function was defined as ( )
where index k relates to the number of experimental G' and G'' values at a single isothermal measurement. G i , C 1 and C 2 are the model parameters.
In the third stage, the model results were evaluated for the first time. If a realistic relaxation spectrum was obtained, which is conditioned in Fig. 2 , the evaluation was carried on. Otherwise, the G i were randomly redistributed once again and the fitting procedure was repeated.
In the fourth stage, the evaluation was continued, if the routine was carried out at least once. Otherwise, the w i,j were redistributed considering the newly determined parameters C 1 and C 2 and the fitting procedure was repeated.
In the fifth stage, the difference in either parameter of the WLF equation between the two consecutive fitting procedures was examined. If the difference in C 1 or C 2 was larger than the arbitrary chosen absolute errors ε 1 or ε 2 , the w i,j were redistributed considering the newly determined parameters C 1 and C 2 and the fitting procedure was repeated. Otherwise, the parameters and the model results were obtained.
The experimental and the model results of the behavior of HNBR over a range of frequencies at various temperatures in terms of G' are presented in Fig. 3 . It may be seen that the agreement between the model and the experimental results is quite satisfactory within the temperature interval studied. If storage modulus of HNBR at significantly lower temperatures than -50 °C is considered, there would probably be some discrepancies of the model, as the model does not account for the relaxations in the glassy state or considerable vertical shifts in modulus. Latter two, however, in the case of HNBR occur at relatively lower temperatures in comparison to the bottom end temperature of the usual HNBR application and were neither experimentally nor theoretically studied in this paper. At temperatures higher than 0 °C the model ceases to satisfactorily predict the frequency-temperature dependence of G' and G'', which will be discussed later on. In addition to the model predictions presented in Fig. 3 , the extracted model parameters were the essential output of the algorithm, presented in Fig. 2 . The material constants C 1 and C 2 for lean HNBR were found to be 17.52 and 51.64 K, respectively. The use of the "universal constants" in the studies of wear of HNBR [28] [29] [30] may therefore be justified. The values of the constants are relatively close to the values of the "universal constants" [31] . Nevertheless, this fact should not be attributed to the initial input of the constants' values in the algorithm, since the values of C 1 or C 2 jump from the initial values and randomly oscillate, as the counter n in [36], the fractional free volume at glass transition (f g ) and the parameter B were calculated from the obtained WLF equation parameters and the thermal expansion coefficient of free volume (α f ), presented in Fig. 1 . The values were 0.0316 and 1.28 10 3 , respectively, and may be as well utilized for the diffusion studies, since the diffusion in polymer systems is related to the system's viscosity. Beside the material constants C 1 and C 2 , the obtained parameters also include the discrete relaxation spectrum, shown in Fig. 4 . In addition to the results presented in Fig. 4, G I (sometimes denoted as G ∞ [37] ), the plateau modulus at large relaxation times, was found to be 0.225 MPa. The moduli G i in Fig. 4 form a plateau at lower relaxation times then drop between relaxation times of 0.1 and 10 s and finally begin to form a second plateau, which develops into G I . Fig. 4 . The discrete relaxation spectrum of lean HNBR (compound 1) at T g .
Constant heating rate measurements of dynamic mechanical properties of HNBR and temperature dependent viscoelastic behavior model application
Furthermore, the developed model consisting of Eqs. (1-6) was applied to the constant heating rate experiments' results. Fig. 5 and 6 show the experimental and the predicted G' and
for the dynamic experiments in the temperature range between -50 °C and 100 °C (constant heating rate 1 K/min) at frequencies between 0.01 and 100 Hz. Besides the WLF equation, a T were described using the Arrhenius-type relationship
where E * stands for the equation parameter serving as an apparent activation energy equivalent. Unlike the constants C 1 and C 2 , the transposition similar to Eqs. (7) and (8) does not apply to E * . Therefore, it was expressed in terms of C 1 and C 2 , gas constant, R, the reference temperature being T g and temperature, using Eq. (4) and (13) . E * was then calculated as 396 kJ/mol at T g and applied to the model using Eq. (13) instead of (4). 
Fig . 5 and 6 show that the applied model, in which the WLF equation was used to predict a T , relatively well coincides with the experimental results up to a certain temperature, despite the dynamic ascendance of temperature. This implies that the dynamics of shear still prevail in determining G' and G'' and the heating rate is low enough. The Arrhenius-type relationship, though, does not satisfactorily describe the dependence of a T on temperature as the glass transition occurs too swiftly granting the desired agreement between the model and the experiment solely at lower frequencies. The Arrhenius-type equation is more successful for describing the behavior of a T during relaxations in the glassy state and does not apply to the glass transition, save for temperatures far below T g [39] . G' first forms the plateau at lower temperatures up to -20 °C and then decreases, more rapidly at lower frequencies.
After the glass transition a second plateau is formed from -20 °C up to 0 °C, again depending on frequency. tanδ, on the other hand, maintains relatively low values, as G' prevails over G'' in the glassy state, but then begins to rise from -40 °C, depending on frequency, even before G' starts to descend. This is due to the noticeable rise of G'' even when G' forms a plateau. tanδ then increases until a maximum is reached, which is at relatively comparable temperatures to the ones of the maximum descend of G'. tanδ maximum depends on shear frequency. Afterwards, tanδ begins to decrease, as G' forms a plateau, although G'' still decreases. The glass transition G' of an amorphous elastomer forms a plateau until the viscoelastic flow region, whereas tanδ should remain relatively low [39] . In Fig. 5 and 6 it may be observed that G' commences to increase after the plateau region. This type of HNBR behavior was not previously reported in the literature. G' starts to increase depending on frequency, and while at 0.01 Hz no rise could be observed; modulus after a short plateau starts to decrease as HNBR enters viscoelastic flow, G' rise commences simultaneously for all other frequencies. The higher the frequency is the later G' begins to decrease and the higher the modulus rises. If tanδ is looked upon, it may be seen, that the discrepancies between the experimental and the model values begin even at lower temperatures. The lower the frequency is, the lower the discrepancies begin, that is at higher frequencies tanδ begins to ascend at higher temperatures and remains lower in comparison to lower frequencies. If all these facts are considered, it may be concluded, that there is some sort of structure ordering shortly after the glass transition. Furthermore, this HNBR structure ordering is frequency dependent. After the ordering, HNBR continuously enters the viscoelastic flow region. DSC scans do not show any crystallization or melting peaks, as HNBR crystallinity noticeable by DSC occurs at acrylonitrile fractions over 48 % (crystallinity due to the alternating acrylonitrile-ethylene sequences) or under 35 % (methylene group crystallinity) [10, 19] . Severe and White [40, 41] , on the other hand, claim that crystallinity of HNBR occurs at fractions over 42 % or under 20 % and even then after annealing at 0 °C. XRD spectrum of HNBR does not show any evidence of crystallinity and is distinctive for amorphous polymers, as no narrow peaks may be seen over the amorphous halo. Kobatake et al. [26] report that an unstretched HNBR is completely amorphous at room temperature; however, by stretching at room temperature, HNBR shows two distinct forms of stretch-induced crystallization depending on the acrylonitrile content. The samples, however, were stretched to 400 % of the original size. Moreover, it is reported that HNBR with 33 % acrylonitrile fraction displays a sharp peak, which narrows and grows upon elastomer elongation up to 600 % over the amorphous halo at approximately 20° [19] . The high acrylonitrile fraction HNBR (>42 %) exhibits three narrow diffraction peaks, especially when uniaxially stretched [40] . These types of crystallization cannot be responsible for the G' rise observed in Fig. 5 , because the strains applied during our experiments were smaller than 0.07 %, a deformation not great enough to account for the observed modulus increase. If the XRD spectrum does not show any crystallinity at room temperature, which is similar to the reports of Kobatake et al. [26] , then the structure ordering in Fig. 5 had to be the result of the structural changes immediately following the glass transition.
Fig. 7. DSC scans for lean HNBR (compound 1) ( ) and HNBR with DCP (compound 5) (
).
Fig. 8. XRD spectra for lean HNBR (compound 1) and HNBR with DCP (compound 5).
The reactivity ratios of the copolymerization of butadiene and acrylonitrile suggest that a reasonably alternating copolymer and a high concentration of acrylonitrilebutadiene dyads are obtained [40, 41] . Based on this fact, the molecular modelling on the model polymer chains, which consisted of 20 randomly distributed acrylonitrile and butadiene units in a chain, was performed. The chains were initially set apart and retained motionless in the glassy state. Fig. 9 . The cross-links formed between HNBR chains, formed through secondary bonding of the cyano groups.
Afterwards, the geometry optimization was performed at the standard conditions using Polak-Ribiere (conjugate gradient) algorithm [42] with root-mean-square (RMS) gradient of 0.0418 kJ/(nm·mol) as a terminal condition. The semi-empirical PM3 method calculation using unrestricted Hartree-Fock spin pairing and self-consistent field controls of 0.001 convergence limit and 1000 iterations limit was applied. As the optimization terminated, the molecules shifted closer together and the cross-links among HNBR chains were formed as a result of the strong dipole-dipole interactions between the cyano groups. The cross-links formed by secondary bonding are presented in Fig. 9 . It may be seen, that the distance between HNBR chains is maximal in the case of isolated cross-link (Fig. 9a) , then drops to 0.472 nm for the vicinal cross-links (Fig. 9b) and then approaches the value 0.494 nm, which is reached when at least two carbon atoms in the HNBR chain separate the cross-links (Fig. 9d) . This kind of bonding is also reported to be responsible for the so called paracrystallinity built up on HNBR elongation [19] . In our case, however, the chains before the glass transition remain trapped in a state with little relative mobility, so the effect of bonding is not profoundly exhibited. As the glass transition occurs, the chains gain some mobility and on one hand tend to orient upon shear and on the other they are more likely to form the cross-links, as the events of individual cyano group's encounters become more frequent. If moduli in Fig. 5 are considered once again, it may be concluded, that at greater frequencies of oscillation, the encounters of cyano groups are more regular and thus more cross-links are formed, which would explain the greater G' increase in comparison to lower frequencies of oscillation. In all cases presented in Fig. 5 these cross-links tend to build up until the temperature, when the formation of the cross-links upon shear is equilibrated by their dissociation due to the arising molecular motions, caused by elevated temperature. At the temperature of equilibration the G' maximum is reached, after which the HNBR gradually enters viscoelastic flow. The maximum is reached later for higher frequency of oscillation.
Furthermore, the effect of heating rate on G' and tanδ was considered. Fig. 10 shows the effect of heating rate on the latter two at single frequency of 1 Hz. . 10 shows, that at the heating rate of 1 K/min the dynamics of shear still prevail in determining G' and G'' and the heating rate is low enough, as the model still fits the experimental results. This may also be seen in Fig. 5 and 6 . As heating rate is increased, the glass transition becomes less pronounced, the maximal decrease of G' becomes lower and shifts to higher temperatures and accordingly tanδ maxima become lower and move to higher temperatures. The increase of the modulus after the glass transition diminishes with the increase of the heating rate and at 4 K/min, the HNBR enters viscoelastic flow immediately after the glass transition. As the HNBR macromolecules commence to translate and larger scale molecular motions occur, the values of G' coincide for all heating rates, which happens at 60 °C. The same thing occurs with tanδ, though even before, at 10 °C. This implies that the disagreement between G' at different heating rates below 60 °C is compensated by the opposite disagreement between G''. The temperatures of the glass transition were determined from the tanδ maxima for different heating rates and frequencies and are presented in Fig. 11 . The T g 's are more apart at lower heating rates as the prevailing factor remains the shear dynamics and frequency. As heating rate is increased, the T g shift to higher temperatures and are less apart regarding the measurement frequency. In this case the dominant factor becomes the enforced temperature dynamics, which on a relative time scale prevail over the dynamics of shear deformation. 
Effect of peroxide cross-linking agents on dynamic mechanical properties of HNBR
In the third part of this paper the effect of various peroxide cross-linking agents on viscoelastic properties of HNBR is discussed. The effect of peroxide on the properties for compounds 2-4, 8-10 and 14-16 is too small to be observed within the experimental error. The effect on the properties for the other compounds is presented in Fig. 12, 13 and 14.
The peroxide cross-linking agents have the effect on G' and tanδ resembling the one of a filler such as carbon black or silica [11, 16] . DCP and DTBPIB have little effect on G' and tanδ in the initial plateau region, that is the glassy state. It may be seen that DCP and DTBPIB do not essentially shift the glass transition itself, as G' starts to decrease and tanδ reaches maximum at relatively comparable temperatures. The DSC scans (Fig. 7) confirm that the effect of peroxide cross-linking agents do not have a big effect on T g , as for all compounds the glass transition occurred between -26 and -29 °C probably due to the experimental error and no trend could be observed. The decrease of G' after the initial plateau occurs more gradually. Similarity may be noted for the initial increase and the decrease after maximum observed for tanδ. The tanδ maximum reduces as the amount of peroxide in the compound is increased. The rubbery plateau after T g grows higher, the larger the amount of peroxide in the compound. This can be ascribed to the fact that HNBR occluded within the void of the aggregates of peroxide is not free to fully share in the microscopic deformation of a compound [43, 44] . This immobilized rubber may be identified with bound rubber [45] . Due to their independent nature, occluded rubber and bound rubber can overlap with each other and can form a complicated interlinked system [46] . This adsorbed hard immobilized elastomer fraction increases with peroxide loading. Since the adsorbed rubber perturbs the relaxation responses of the matrix, a diffused maxima in tanδ value at the glass-rubber transition region (which decreases progressively with the peroxide loading) is observed and may be attributed to the superposition of different relaxation processes [11] . G' then increases from the rubbery plateau, but more gradually the greater the amount of peroxide. This happens, as the structure ordering through the secondary bond cross-linking is hindered, as the peroxide particles are percolated by HNBR network and the cross-linking around these particles is not possible. The XRD spectrum of compound 5 does not reveal any major difference between the lean HNBR and the DCP compound, except for lower peak intensities obtained for compound 5, as DCP particles merely dilute the HNBR network and decrease repetitive pattern along the individual HNBR chains. At certain temperatures G' and tanδ curves begin to come together and the effect of peroxide is no longer to be observed. This occurs later for the DTBPIB compounds than for the DCP compounds and can be explained by melting of the peroxide particles, which cease to reinforce the network. DCP melts between 39 and 41 °C and DTBPIB melts between 44 and 48 °C, which clearly coincides with the ranges where these two agents' impact on G' and tanδ comes to an end. On the other hand TBP melts at -40 °C and has no effect on G' and tanδ throughout the entire temperature range, as may be seen in Fig. 13 .
Conclusions
Dynamic mechanical properties of HNBR were studied over a range of temperatures and shear frequencies. A model was developed in order to describe the viscoelastic behavior of HNBR in terms of storage (G') and loss (G'') modulus. The model was then fitted to the experimental data using an algorithm, in which the variable impact of the generalized Maxwell model elements was adopted, using a relative weights distribution. As a result, the discrete relaxation spectrum of HNBR at the glass transition temperature was obtained, as well as the Williams-Landel-Ferry equation parameters. The relaxation spectrum resembled the ones of the comparable elastomers [47] . The obtained material constants C 1 and C 2 were found to be 17.52 and 51.64 K, respectively, their values being close to the ones of the "universal constants", thus the application of the latter in the studies of wear of HNBR [28] [29] [30] may be acceptable. Moreover, the Doolitle equation parameters, the fractional free volume at glass transition (f g ), and the parameter B, were calculated from the obtained constants C 1 and C 2 and the thermal expansion coefficient of free volume (α f ). The values were 0.0316 and 1.28 10 3 , respectively, and may be applied to the diffusion studies, since the diffusion in polymer systems is related to the volume effects on the molecular mobility below and above the glass transition.
Whilst the model was fitted to isothermal data, it was then applied on G' and tanδ obtained from the experiments, during which temperature increased linearly. It was observed that at the heating rate of 1 K/min the model fitted well the experimental results until the end of the glass transition, as the shear dynamics prevailed in determining the moduli. On the other hand, if the Arrhenius-type relationship was applied instead of the WLF equation, the predicted transition occurred much too abruptly. After the glass transition the increase of G' was explained by means of molecular modelling, which implied the networking through the weak cross-links formed upon secondary bonding of the cyano groups. As heating rate was increased, the cross-linking occurred in much smaller extent, as the dynamics of temperature prevailed over the shear dynamics.
The peroxide agents' effect on G' and tanδ is similar to the one of a filler. The effect is not visible for the TBP compounds as the peroxide melts before the glass transition. DCP and DTBPIB, however, display the filler effect right until their melting temperatures, these being between 39 and 41 °C for DCP and 44 and 48 °C for DTBPIB, respectively. M determination was performed using Waters 2690 (Separations Module) instrument with a refractive index detector. Three Waters Styragel columns (300 × 4.6 mm) were used in series. The HNBR solutions were prepared in tetrahydrofuran (THF), which was also used as a carrier solvent at a rate of 0.2 ml/min. The average molecular weights were calculated from molecular weight versus the retention time curve of polystyrene standards. The peroxide cross-linking agents used were dicumyl peroxide (DCP) from Aldrich (98 % pure), with molecular mass of 270.4 g/mol, density of 1560 kg/m 3 and T(t 1/2 =10 h)=115-117 °C [32, 33] , tbutyl peroxide (TBP) from Fluka (95 % pure), with molecular mass of 146.2 g/mol, density of 794 kg/m 3 , T(t 1/2 =10 h)=128-130 °C [33] and di(2-t-butylperoxyisopropyl) benzene (DTBPIB) from Akzo Nobel (47 % pure), with industrial name PERKADOX 14-40MB-gr, molecular mass of 338.5 g/mol, density of 1200 kg/m 3 and T(t 1/2 =10 h)=116-120 °C [32, 33] .
Experimental part
For the purpose of HNBR's viscoelastic properties study and evaluation of the effect of the peroxide cross-linking agents, all additives except for latter were omitted from the compound formulation to annihilate their influence on the viscoelastic properties. All components in the formulation were stored at low temperature. They were mixed into the rubber on the Brabender Plasti-Corder PLD-Type 651 instrument equipped with the W 50 C measuring mixer with the maximum torque of 100 Nm at 30 °C. Temperature rose during mixing due to friction but has never exceeded 110 °C, so the extent of peroxide dissociation was minimized [32, 33] . Moreover, measuring mixer was hermetically closed to prevent any loss of peroxides due to evaporation. Mixing was performed for 15 minutes, whereas the peroxide was added after 10 minutes. The formulation of the rubber compounds is presented in Table I . Dynamic mechanical properties were measured in the shear mode on DMA861 e instrument from Mettler Toledo. The samples were prepared in the disc shape with thickness between 1.2 and 2.2 mm and diameter between 13.9 and 14.7 mm. Test measurements were performed for various samples with thickness between 1 and 3 mm and diameter between 10 and 15 mm to confirm that the sample's geometry had no effect on measured properties. Linearity check was executed, so that the measurements were performed within the linear viscoelastic regime that is within 10 N force amplitude and 10 μm displacement amplitude. Isothermal experiments were performed between -50 and 50 °C and 10 -3 and 10 3 Hz while the dynamic temperature experiments were performed from -50 to 100 °C with constant heating rate ranging between 1 and 5 K/min at constant frequencies between 0.01 and 100 Hz. All experiments were performed in a nitrogen atmosphere.
Dynamic differential scanning calorimetry (DSC) measurements were conducted on DSC 821 e instrument from Mettler Toledo in a nitrogen atmosphere (50 ml/min). The samples were prepared by weighing 4-6 mg of the compound in 40 μl aluminum crucibles without pin. The samples were first heated from 20 °C to 100 °C in order to erase samples' thermal history, then quenched to -50 °C and finally again heated to 100 °C, with constant heating and cooling rates of 10 K/min. Indium and zinc standards were applied for the temperature calibration and for the determination of the instrument time constant.
